Abstract Complex chromosome translocations are structural chromosomal rearrangements involving three or more chromosomes and more than two breakpoints. A complex chromosome rearrangement was detected in a phenotypically normal female patient that was referred to the hospital for genetic counseling due to reproductive failure. A cytogenetic evaluation was performed, according to standard method of chromosomal analysis, using G-banding technique. The patient's karyotype showed a balanced complex chromosome rearrangement (BCCR) involving chromosomes 1, 8, and 11 with three breakpoints 1p31, 8q13, and 11q23. The karyotype designed according to ISCN (2013), is 46,XX,t(1;8;11)(p31;q13;q23) (8qter→ 8q13::1p31→1qter;8pter→8q13::11q23→11qter;11pter→ 11q23::1p31→1pter). Additionally, the proband's mother and brother were tested, resulting in the same exact translocation. In this study, we describe all possible meiotic segregations regarding this translocation, as well as the clinical phenotypes which could arise, if unbalanced products of conception survive. This is a rare case of familial complex chromosome rearrangement, giving a view for its reproductive consequences.
Introduction
Complex chromosomal rearrangements (CCRs) are constitutive structural aberrations involving three or more chromosomal breaks accompanied by exchange of genetic material [1] . The balanced CCRs (BCCR) range from simple three-way exchanges between three chromosomes to highly complex translocation involving four or five chromosomes with multiple breaks, insertions, or inversions [2, 3] . Translocations involving three or more chromosomes frequently lead to a severe reproductive impairment, secondary to meiotic irregularities in males and to chromosomal imbalances in gametes in female [3] . Also, more than one aberration, such as translocation and an inversion, can coexist in the same chromosome. CCRs can be classified into three groups, based on the type of rearrangement and the number of breakpoints [4] . These are the following:
1. Three-way exchange with three breaks from three chromosomes: most three-way CCRs are familial and are usually transmitted through the mother. They are the most common type of CCRs. 2. Double two-way exchange with a coincidence of two separate simple reciprocal translocations: the double twoway CCR is not a true CCR and might be described as a double or a multiple rearrangement. 3. Exceptional CCRs with more complicated rearrangements: most exceptional CCRs are de novo rearrangements and they are more commonly associated with abnormal phenotype.
Most phenotypically normal female CCR carriers are usually investigated due to recurrent abortions or after the birth of an abnormal child. In contrast, phenotypically normal male CCR carriers are more frequently diagnosed following an investigation for infertility [5] [6] [7] [8] . Genetic counseling for CCRs Table 1 Segregation of the chromosomes, involved in the translocation, and possible chromosomal anomalies-in italics are given the chromosomal anomalies that are considered less severe Column 1-patient's gamete chromosomes Column 2-patient's gamete chromosomes Column 1 + normal gamete (1, 8, 11) Column 2 + normal gamete (1, 8, 11) (11) der(1), 11, der(11) Partial monosomy 11q23-qter, partial trisomy 1p31-pter Partial trisomy 11pter-q23, partial monosomy 8pter-q13 1, der(8), 11 der(1), 8, der(11) Partial monosomy 8q13-qter, partial trisomy 11q23-qter Partial trisomy 8q13-qter, partial monosomy 11q23-qter 1, 11, der (11) der (1) carriers requires a detailed pedigree analysis and genetic testing, considering the small number of reported cases with such rearrangement [9] (Tables 1 and 2 ). Approximately 255 cases of CCRs involving 3 or more chromosomes have been published to date, none of which include all of the 3 chromosomes presented in this case. In Table 3 , we present a list of published cases of complex chromosome rearrangement including chromosomes 1, 8, and 11. In an analysis of CCRs cases and review of familial cases, Batista et al. [43] stated that the risk of spontaneous abortion in a pregnancy from a CCR carrier can be as high as 50 to 100%. The CCR carrier phenotype varies from normal to abnormal, with congenital abnormalities and/or intellectual disability. The meiotic segregation of CCRs can theoretically lead to numerous unbalanced chromosomal configurations, therefore the carriers of BCCR are considered to have a high risk for spontaneous abortion or chromosomally abnormal offspring [43] . According to the literature, about 70% of CCRs are detected in phenotypically normal subjects, 20-25% in patients with congenital abnormalities and/or mental retardation, and 5-10% are detected during prenatal diagnosis. When a CCR is detected in a phenotypically normal subject, the rearrangement is generally assumed to be balanced, meaning that there is equal exchange of genetic material between the chromosomes involved. Such familial transmission mainly occurs through female carriers [43] . In contrast, unbalanced CCRs change the dosage of genetic material and result in loss of one copy or addition of an extra copy, deletion or duplication, respectively, which leads to a more dramatic phenotypic outcome [43] . The probability of an abnormal phenotype increases with the number of breakpoints associated with the de novo BCCR [48] . According to Gorski et al. [49] , 18% of all live births with CCR result in phenotypically abnormal offspring. Therefore, BCCRs are usually identified in women who are investigated for repeated spontaneous abortion or birth of a malformed child [7-9, 43, 48-51] . According to the literature, about 70-75% of CCR are de novo in origin. The de novo CCRs are found in equal proportion among phenotypically normal subjects (49%) and individuals with phenotypic abnormalities (51%) due to submicroscopic imbalances or other genetic defects [52, 53] . The de novo CCRs appear to be mostly of paternal origin. This hypothesis agrees with the epidemiological finding that most of the prenatally diagnosed BCCRs are maternal in origin (70% maternal versus 30% paternal) and that 80% of de novo structural abnormalities found in newborns are of paternal origin [2] . These Congenital heart defects; malformation in the septum; atrioventricular septal defect, causing pulmonary hypertension [14] , slow growth, high forehead, broad chest, wide-set nipples, pulmonary stenosis with atrial and/or ventricular septal defect, hypoplasia of the genitalia, dermatoglyphic stigmata [15] (http://rarediseases.org/rare-diseases/chromosome-8-monosomy-8p/) Partial trisomy 8pter-q13
Craniofacial defects, brevicollis with redundant skin folds, mental retardation, absence of the corpus callosum, multiple minor skeletal abnormalities, and autism, mild dysmorphic features, and moderate learning disability [16, 17] , hypertlorism, large, dysplastic, anteverted ears, a pronounced mandibule [18] . Partial trisomy 8q13-qter Unusual and characteristic multi-organ clinical features, which include hearing loss, congenital heart defects, intellectual disability, hypotonia in infancy, and Duane anomaly (form of complex strabismus-limited ocular abduction and variably limited adduction accompanied by retraction of the globe, which narrows the palpebral fissure) [19, 20] Partial trisomy 1p31-pter Facial dysmorphy, small stature and syndactyly of 4th and 5th toes; mental and statomotoric imparement [21] , mycrocephaly, craniosynostosis, depressed nasal bridge, malformed pinnae, hyperthelorism, cleft palate, brachydactyly and cryptorchidism [22] Partial monosomy 1p31-pter Large anterior fontanelle (100%), motor delay/hypotonia (92%), mental retardation (92%), growth delay (85%), pointed chin (80%), eye/vision problems (75%), seizures (72%), flat nasal bridge (65%), clinodactyly and/or short fifth finger(s) (64%), low-set ear(s) (59%), ear asymmetry (57%), hearing deficits (56%), abusive behavior (56%), thickened ear helices (53%), and deep-set eyes (50%) [23] observations are also in good concordance with the biological finding of a higher rate of structural chromosome aberrations in human male gametes [2] . This has led to the assumption that CCRs could arise preferentially during spermatogenesis and are mainly transmitted in families through oogenesis [2] . Most of the male carriers of balanced de novo CCRs are diagnosed because of infertility troubles [54] , although a few cases of fertile carriers have been reported [55] . Different published findings suggest that the risk of phenotype alterations increases with the number of chromosomes involved, as well as with the number of break points [56] .
Case presentation
The proband is a 31-year-old female, who has been referred to the in vitro fertilization unit due to fertility issues. She has been a patient of a reproductive clinic since 2014, and she underwent three consecutive cycles of fertility treatmentintracytoplasmic sperm injection (ICSI) due to a male infertility factor. Her husband, a 33-year-old male, underwent a semen analysis, resulting in asthenozoospermia.
The ICSI procedure involves the injection of a single spermatozoa directly into a mature oocyte. The procedure begins with controlled ovarian hyper-stimulation that aims to supply enough oocytes with normal maturation and to ensure that the consequent assisted reproductive procedures will work effectively, which considerably increases the pregnancy rate [57] . The next step is aspiration of the follicles. This is indicated when the dominant ones reach a diameter over 18 mm, the thickness of the endometrium is over 8 mm, and the level of estradiol in the blood corresponds to the number of follicles. Fertilization occurs next when a motile sperm is selected for insemination, followed by oocyte maturity assessment when the cumulus cells are removed by an enzyme (hyaluronidase) [57] . Metaphase II oocytes (MII) only can be injected with ICSI. Only normally fertilized zygotes with clearly visible two pronuclei (2PN) at 16-20 h post insemination are cultured for potential future use. Depending on oocyte count, female age, cleavage rate, and type of infertility, the preimplantation embryos could be replaced by embryo transfer (ET). Two to 5 days later, the elected embryos for ET are gently loaded into a transfer catheter with a small amount of media and are slowly released under ultrasound guidance into the uterus. The spare good-quality embryos are frozen for potential use. A pregnancy blood test will be performed approximately 10 days after the embryo transfer [58] .
The patient underwent three consecutive ICSI procedures and two frozen embryo transfers (FET). The first one took place in 2014, but no pregnancy was observed (Fig. 1a) . A (FET) was performed few months later (Fig. 1b) . It resulted only in a positive blood test for the human chorionic gonadotrophin hormone (hCG) on day 10th post FET. Subsequently, a pregnancy did not develop, since a gestational sac was not detected on ultrasound scanning at 7 week of gestation. In addition, the patient underwent a second ICSI procedure in 2015, reporting no pregnancy (Fig. 1c) and a third ICSI cycle in 2016, where the same result was obtained (Fig. 1d) . Additionally, another FET was performed, resulting with an unsuccessful pregnancy ( Fig. 1e selected embryos for FET) .
The patient had no other relevant medical issues. However, there have been reports of reproductive failures within the family, as seen in Fig. 2 . The patient's mother has had five failed pregnancies and the patient's brother had also experienced three unsuccessful reproductive outcomes.
Results
Cytogenetic analysis was carried out on our patient's 20 metaphase cells from peripheral blood cultures, using standard procedures and GTG banding. According to ISCN 2013 [59] , 460-band level analysis undertaken on metaphase chromosomes from the proband, showed the following unbalanced karyotype: 46,XX,t(1;8;11)(p31;q13;q23) (8qter→ 8q13::1p31→1qter;8pter→8q13::11q23→11qter;11pter→ 11q23::1p31→1pter) (Fig. 3) . The patients' husband karyotype was normal. Additionally, the proband's mother and brother were analyzed, using the same technique, resulting in the same pattern (Fig. 4a, b) .
Discussion
The simplest explanation for the underlying mechanism of CCRs could be that CCRs originate from three coincidental classical translocations. Several studies have been exploring the hypothesis that such an aberration is produced by multiple chromosome breakages and formation of derivative chromosomes within a single cell division [60, 61] . Cases of CCRs that involve the same set of chromosomes, specifically chromosomes 1, 8, and 11 have not been reported to this date ( Table 1) . The difficulty of analysis of the meiotic behavior and consequences of CCRs is mainly due to limited data concerning the meiotic segregation of CCRs. Useful information regarding a pregnancy outcome have been given in 1988, when Gorski et al. [49] collected data on 67 pregnancies in 25 families where CCRs were identified. They found an overall incidence of 48.3% being spontaneous abortions, then 57.3% being abnormal pregnancy outcomes, including 18.4% with malformation in live born children. Also, Batista et al. reviewed 63 karyotyped individuals from CCR carriers' families [43] . Among them, 27% subjects had normal karyotypes, 31.7% were balanced carriers, and 41.3% displayed an unbalanced karyotype. In accordance with Gorki's data, the authors reported a 50% risk of miscarriage. Maddan et al. [5] reviewed 60 familial and de novo cases of balanced CCRs, and also estimated that carriers have 50% risk of spontaneous abortions and a 20% risk of having an offspring with unbalanced karyotype. Among these 60 cases, 27 with postnatal detection Fig. 2 Patient's Pedigree, showing the carriers of the complex chromosome translocation in the family (dark symbols) and miscarriages (small dark circles); offsprings with unknown gender Fig. 3 Patient's karyotype-46,XX,t(1;8;11)(p31;q13;q23) (8qter→8q13::1p31→1qter;8pter→8q13::11q23→11qter;11pter→11q23::1p31→1pter) showed 48% normal individuals and 52% phenotypically abnormal subject. A successful pregnancy is rare, because of the risk for an abnormal conception due to malsegregation of derivative chromosomes or generation of recombinant chromosomes.
Several reported familial CCRs described mostly unbalanced karyotypes [32, 62, 63] . According to the structure of the CCRs, the meiotic segregation can be explained using the classification introduced by Kausch et al. [63] . The three-way exchange type of CCRs would form a hexavalent configuration, during meiosis I. This configuration allows the efficient synapsis of the six chromosomes involved in the complex rearrangement. For such three-way CCRs, the modes of meiotic segregation are theoretically 3:3, 4:2, 5:1, and 6:0, producing a large variety of imbalances [4] . If the disjunction is symmetric (i.e., 3:3 mode), 2 (normal and balanced) chromosomal combinations can occur and 18 unbalanced combinations. If the disjunction is asymmetric (modes 4:2, 5:1, or 6:0), 44 extremely unbalanced different gametes can be produced (30 types for 4:2, 12 for 5:1, and 2 for 6:0, respectively) [4] . The chromosome segregation in this particular translocation is presented in Table 1 .
There are four possible pregnancy outcomes for the CCR carrier: a live born infant with unbalanced chromosomes, an offspring carrying the CCR, a live born child with normal chromosomes or abortion, according to Gorski et al. [49] . a b Fig. 4 Patient's brother karyotype (a) and patient's mother karyotype (b), both presenting the same chromosome rearrangement
Since the large chromosome aberrations usually lead to miscarriages, here we describe only the clinical findings associated with milder imbalances which could survive till birth and cause malformative syndromes ( Table 2 ). Considering that the majority of familial CCRs are transmitted through female carriers, the production of a phenotypically normal child indicates that human oogenesis can handle the complexity of CCRs [23] . In this particular case, the transmission is proved to be maternal (Fig. 2) . The lack of transmission through males is mainly due to the impairment of spermatogenesis, commonly associated with CCRs and resulting in sterility or subfertility [64] . However, male transmission of CCRs has been reported in a few rare cases [23, 64, 65] . In such cases, ICSI procedure is suggested as a resolution for the impaired spermatogenesis in male CCRs carriers. A successful result was obtained in the case of a three-way CCR initially diagnosed as a simple balanced reciprocal translocation [66] . Despite the altered patient's karyotype, the couple rejected a preimplantation genetic screening (PGS) to be performed due to a lack of financial resources and a poor possibility of acquiring an euploid blastocyst, which would have been suitable for biopsy. They have decided to proceed with the assisted reproductive techniques without PGS, therefore undergoing a fourth cycle of ICSI procedure.
Balanced CCRs must be extensively investigated to ensure that the fetal CCRs is indeed balanced and to rule out any rearrangements which could potentially cause genetic malformations. A PGS has been suggested as a strategy for couples with CCRs in terms of resolving the problem with repeated pregnancy loss, birth of an infant with unbalanced karyotype, and malformations in live born children [67] . The goal is to select a genetically balanced embryo which if acquired would be appropriate for transfer and, therefore, to increase the chances of a successful pregnancy and a healthy child. The literature has reported successful pregnancies using a PGS in patients with CCRs [68] . A healthy live birth has been reported after four cycles of PGS in three patients, also with recurrent miscarriages [68] . Additionally, the use of microarray technologies should be taken under consideration in genetic counseling for further prenatal cases of BCCRs and the potential detection of most possible imbalances. Furthermore, the advances in genomic technologies, in particular whole genome sequencing, have been proven useful in defining the pathogenic mechanisms of the complex chromosomal rearrangements [69] . Studies of breakpoints in translocations revealed the most common underlining structural variations, leading to an interchromosomal exchange. Genomic repeats of different types, such as long interspersed nuclear elements (LINE), human endogenous retrovirus (HERV) repeats, shorter paralogous repeats, or Alu repeats and segmental duplications can cause, to a high extent, various genomic rearrangements based on sequence identity [70] . In these cases, a non-allelic homologous recombination (NAHR) is the main mutational mechanism. The absence of sequence homology points to rearrangements by nonhomologous end-joining (NHEJ). Inserted or inverted sequences at breakpoints are suggested to be the cause for a microhomology-mediated break-induced replication (MMBIR) in the pathogenesis of translocations [70] . NAHR between homologous sequences on different chromosomes, like palindromic AT-rich repeats at chromosomes 3, 8, 11, 17, and 22, is the reason for recurrent chromosomal translocations [70] . However, most of the constitutional chromosome translocations are non-recurrent, as is the translocation represented in this case. In addition, the involvement of more than two chromosomes in a translocation has a much more complex mechanism. Some cases of CCRs are explained by chromothripsis, which is determined as the presence of multiple breakpoints per genome [71] . The chromosome shattering occurs at once, in the germline, as it was suggested to be event of male gremline mostly. Intensive studies of breakpoints in complex translocations involving three or more different chromosomes revealed they are likely formed via chromothripsis [71] . This is especially the mechanism underlying de novo complex rearrangements, where shattered chromosomal fragments are joined in the formation of translocation. Regarding this case, the visible breakpoints are three, as described in the patient's karyotype 46,XX,t(1;8;11)(p31;q13;q23), but only NGS analysis could resolve the real number of fusion points between regions of these chromosomes. Kloosterman et al. [72] reported triple chromosomes translocation t (1, 4, and 10) with 12 fusion points between regions on these chromosomes and proved a chromothriptic genomic rearrangement. The most severe form of a genomic reorganization is called Bchromoanagenesis,^which has recently become a point of interest.
Genetic counseling for families with CCR is difficult mainly because of the risk of imbalances in the karyotype which depends on the variations in the number of chromosomes involved and the number of breakpoints. Each carrier has a different reproductive risk; therefore, a precise prevalence cannot be established.
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